Uranium occurs in the environment predominantly as the uranyl dication [UO 2 ] 21 . Its solubility renders this species a problematic contaminant 1-3 which is, moreover, chemically extraordinarily robust owing to strongly covalent U-O bonds 4 . This feature manifests itself in the uranyl dication showing little propensity to partake in the many oxo group functionalizations and redox reactions typically seen with [ . Here we show that placing the uranyl dication within a rigid and well-defined molecular framework while keeping the environment anaerobic allows simultaneous single-electron reduction and selective covalent bond formation at one of the two uranyl oxo groups. The product of this reaction is a pentavalent and monofunctionalized [O5U … -OR] 1 cation that can be isolated in the presence of transition metal cations. This finding demonstrates that under appropriate reaction conditions, the uranyl oxo group will readily undergo radical reactions commonly associated only with transition metal oxo groups. We expect that this work might also prove useful in probing the chemistry of the related but highly radioactive plutonyl and neptunyl analogues found in nuclear waste.
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Here we show that placing the uranyl dication within a rigid and well-defined molecular framework while keeping the environment anaerobic allows simultaneous single-electron reduction and selective covalent bond formation at one of the two uranyl oxo groups.
The product of this reaction is a pentavalent and monofunctionalized [O5U … -OR]
1 cation that can be isolated in the presence of transition metal cations. This finding demonstrates that under appropriate reaction conditions, the uranyl oxo group will readily undergo radical reactions commonly associated only with transition metal oxo groups. We expect that this work might also prove useful in probing the chemistry of the related but highly radioactive plutonyl and neptunyl analogues found in nuclear waste.
Reactions of the uranyl dication that result in the functionalization or transformation of the U5O groups are rare. Examples include atypical Lewis base behaviour of the uranyl dioxo group towards alkali metals in the solid state 13, 14 , and the formation of an unusual O5U5ORB(C 6 F 5 ) 3 adduct involving significant and asymmetric U5O bond lengthening 15 . Photolysis of uranyl phosphine oxide complexes in the presence of alcohols results in two-electron reduction and the formation of U(IV) alkoxides, via the highly oxidizing *UO 2 21 excited state; the U(IV) complexes can be hydrolysed to regenerate the uranyl dication cleanly 16 . Usually, the [UO 2 ]
1 cation spontaneously disproportionates to [UO 2 ] 21 and U(IV) phases in an aqueous environment. We reported recently 17 that the reaction between the mono-uranyl complex, 1 (R 5 H), and transition metal silylamides [M{N(Si(CH 3 ) 3 ) 2 } 2 ] (M 5 Mn, Fe, Co) forms the molecular cationcation complexes, 2, in which, uniquely, the transition metal bonds to the endo-uranyl oxygen atom (Fig. 1a) , that is, the uranyl acts as a Lewis base to the transition metal 18 ; in this case, no electron transfer between the metals was seen. In search of alternative synthetic routes, we have found that the one-pot reaction between 1 (R 5 CH 3 ), FeI 2 , and the silylamide base KN(Si(CH 3 ) 3 ) 2 at -78 uC resulted in the formation of the new cation-cation complex [UO(OSi(CH 3 ) 3 )(thf)Fe 2 I 2 (L)], 3, in 80% isolated yield, Fig. 1a (see Methods and Supplementary Information for synthetic details; thf stands for tetrahydrofuran).
The X-ray single-crystal structure of 3 ( Fig. 2a , and Supplementary Information) shows that the macrocycle geometry remains wedgeshaped, even though two tetrahedral Fe cations are now incorporated in the lower cavity, and a Si(CH 3 ) 3 group is bound to the exo-uranyl oxygen. The uranyl cation displays a distorted pentagonal bipyramidal geometry with a linear O1-U1-O2 group (172.16 (17) However, the infrared spectra of pentavalent 3 to 6 are complex in the fingerprint region and the expected U5O absorption features between 800-700 cm -1 are masked by those of the macrocyclic ligand and the O-SiR 3 groups (Supplementary Fig. 1 ).
We have sought to generalize the reaction further, and have found that the potassium silylamide may be replaced by potassium hydride, another strong base, in combination with other sources of silyl group. Thus, the replacement of KN(Si(CH 3 ) 3 ) 2 by KH and either N(Si(CH 3 ) 3 ) 3 or C 6 H 5 CH 2 Si(CH 3 ) 3 is equally effective in the synthesis of 3, affording isolated yields of up to 85%, via N-Si or C-Si bond cleavage (see online Methods). In contrast, however, treatment of 1 with a reductant (rather than a base), and a source of Si(CH 3 ) 3 , in these cases cobaltocene and trimethylsilyl triflate, does not result in reductive silylation.
These data suggest that this new and general reaction to reductively silylate the uranyl oxo group requires the deprotonation of the empty macrocyclic cavity by the potassium base to form potentially an oxidizing, U(VI) intermediate K 2 -1 (Fig. 1b) in which the endo-U5O bond is coordinated by two K cations, and the exo-U5O bond is now polarized sufficiently to engage in N-Si and C-Si bond cleavage.
Transition metal oxo bonds are weakened when a strong ligand is in the trans position (the trans influence). In contrast, in uranyl compounds, covalent interactions between the oxo ligands and the metal f orbitals mutually strengthen the two trans U5O bonds, the inverse trans influence 26 . In high-oxidation-state porphyrin-based iron oxo chemistry, tuning the axial ligand markedly alters the reactivity of the electrophilic Fe5O group towards alkane hydroxylation and olefin epoxidation 6 . Likewise, by manipulating the uranyl oxo within the molecular cleft, we have significantly disrupted the overall UO 2 bonding to activate the exo oxo group towards reductive silylation. The ready formation of strong O-Si bonds in 3 to 6 parallels that seen in transition metal oxo chemistry in which hydrogen atom abstraction reactions do not require metal-based radicals, but instead depend on the strength of the bond between the oxidant and the hydrogen atom 9 . Unfortunately, attempts to isolate the proposed K 2 -1 intermediate have been unsuccessful. Thermally stable, pentavalent, functionalized uranyl complexes are most readily isolated by substitution of the two K cations by transition metal halides in a reaction that eliminates KI and forms 3 to 6. The reaction to afford 3 is equally successful when carried out in the dark, confirming the absence of any photochemically derived reactivity.
We recorded variable temperature magnetic measurements to compare the f Thermal ellipsoid plot (50% probability displacement) views of (a) 3 and (b) 5. For clarity, all hydrogen atoms and the minor thf component have been removed.
5.
The room-temperature moment of 7.74 BM for 3 (BM 5 Bohr magnetons), and the Curie-Weiss behaviour (2 to 300 K) suggests the presence of two, high-spin, Fe(II) centres and one f 1 U(V) centre ( Supplementary Fig. 2 ) that are magnetically independent; the thermal variation of the product of molar magnetic susceptibility and temperature, x M T, is dominated by the magnetic contribution from the Fe ions. In contrast, the magnetic behaviour for 5 (2 to 300 K) should only contain contributions from the U centre 27 ; it displays two distinct regions (Supplementary Fig. 2 ) associated with the depopulation of excited crystal field states of the U(V) f 1 cation and is similar to that observed for the few known organometallic pentavalent uranium complexes 28, 29 . The moment at low temperature rises from 0.41 to 1.11 BM and increases to 2.38 BM at high temperature. In contrast, the moment of a U(IV) (f 2 ) system would be expected to be higher at room temperature (3.58 BM), and the reciprocal susceptibility would become temperature-independent below about 40 K. A preliminary electron paramagnetic resonance study of 5 in frozen methyl-thf at 5 K (Supplementary Fig. 3 ) displays a strong, broad resonance at g 5 2.2 that supports the presence of a single f electron.
We have shown that the use of a macrocyclic architecture to place the uranyl ion in a rigid and asymmetric coordination environment allows the generation of a reactive and highly oxidizing uranyl complex which can selectively cleave N-Si and C-Si bonds to form singly, covalently functionalized pentavalent uranyl complexes. These reactive U oxo compounds may also provide functional chemical models for the highly radioactive f 1 plutonium and neptunium dioxo cations
30
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METHODS SUMMARY
Working under a dry, oxygen-free dinitrogen atmosphere, with reagents dissolved or suspended in aprotic solvents, and combined or isolated using cannula and glove box techniques, we first treated the free macrocycle H 4 L with a bis(amido) uranyl precursor, to form the hinged macrocyclic complex [UO 2 (thf)(H 2 L)] in which one N 4 -donor compartment remains vacant. Treatment of this complex with two equivalents of potassium base and a suitable silylated reagent (or a base containing an ancillary silyl group) afforded a soluble complex in which the uranium was shown to be both singly reduced and silylated at the exo oxo group, as the UO(OSiR 3 ) dication. This asymmetric pentavalent uranyl complex is then readily isolated, purified, and characterized by a final salt elimination reaction to produce two equivalents of potassium halide, and to place two transition metal cations (as Fe or Zn chloride or iodide salts, MX) into the remaining cavity of the macrocycle, affording [UO(OSiR 3 )(thf)(L)(MX) 2 ]. We characterized all compounds by elemental analysis, Fourier transform infrared spectroscopy, and either variable-temperature magnetic moment measurements or nuclear magnetic resonance (NMR) spectroscopy (paramagnetic and diamagnetic compounds respectively). Additionally, we determined the solid-state structures of two of the silylated complexes by single-crystal X-ray diffraction studies.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. Supplementary Information is linked to the online version of the paper at www.nature.com/nature.
